Photosynthesis is a biological process whose efficiency depends on the coordinated interaction of several participating protein complexes that reside in the photosynthetic membrane. Our understanding of the photosynthetic membrane structure is largely derived from studies on fractionated membranes and from conventional electron microscopy (1, 2), and our knowledge of the spatial and functional interaction between principal membrane complexes is quite limited. Such information is directly relevant to excitation energy transfer as well as to the diffusion of mobile electron carriers (3, 4) in photosynthetic membranes of oxygen-evolving plants. Major integral protein complexes include ATP synthase, cytochrome b6/f, photosystem I (PSI), and photosystem II (PSII) and LHCII in green plants. In phycobilisome (PBsome)-containing organisms-namely, red algae and cyanobacteria-the LHCII complex appears to be absent and PBsomes on the stromal surface serve as the principal light-harvesting antennae (5). In PBsome-containing organisms it is generally assumed that the arrangement of the photosystems in the thylakoid is predictable from the PSII/phycobiliprotein ratio (6, 7) and that the PBsome distribution on the stromal surface is indicative of the PSII location (8, 9). Since PBsomes with PSII activity have been isolated, a direct functional association exists in vivo (10), although a direct interaction between PBsomes and PSI cannot be ruled out. The following questions are being addressed here: (i) how many PSI and PSII centers exist per unit of surface area, (ii) is the distribution of PSI and PSII uniform throughout the membrane, (iii) are the photosystems present as monomers or as clusters, and (iv) if they are clustered, does the cluster size change under different growth conditions?
tosystem densities per pm2 of membrane were calculated to be 2520 PSI in GL and 1580 in RL and 630 PS11 in GL and 1890 in RL. PSI was detected in the membranes with 10-nm Au particles conjugated to affinity-purified anti-PSI, and PSH was detected with 15-nm Au particles conjugated to anti-PSII. Distribution of Au particles appeared relatively uniform, and the degree of labeling was consistent with the calculated photosystem densities. However, the absolute numbers of Au-labeled sites were lower than would be obtained if all reaction center monomers were labeled. Specific labeling ofPSI was 25% in GL and RL membranes, and PSH labeling was 33% in GL but only 17% in RL membranes. An IgG-Au particle is larger than a monomer of either photosystem and could shield several closely packed photosystems. We suggest that clustering of photosystems exists and that the cluster size of PSI is the same in GL and RL cells, but the PSII cluster size is 2 times greater in RL than in GL cells. Such variations may reflect changes in functional domains whereby increased clustering can maximize the cooperativity between the photosystems, resulting in enhancement of the quantum yield.
Photosynthesis is a biological process whose efficiency depends on the coordinated interaction of several participating protein complexes that reside in the photosynthetic membrane. Our understanding of the photosynthetic membrane structure is largely derived from studies on fractionated membranes and from conventional electron microscopy (1, 2) , and our knowledge of the spatial and functional interaction between principal membrane complexes is quite limited. Such information is directly relevant to excitation energy transfer as well as to the diffusion of mobile electron carriers (3, 4) in photosynthetic membranes of oxygen-evolving plants. Major integral protein complexes include ATP synthase, cytochrome b6/f, photosystem I (PSI), and photosystem II (PSII) and LHCII in green plants. In phycobilisome (PBsome)-containing organisms-namely, red algae and cyanobacteria-the LHCII complex appears to be absent and PBsomes on the stromal surface serve as the principal light-harvesting antennae (5) .
In PBsome-containing organisms it is generally assumed that the arrangement of the photosystems in the thylakoid is predictable from the PSII/phycobiliprotein ratio (6, 7) and that the PBsome distribution on the stromal surface is indicative of the PSII location (8, 9) . Since PBsomes with PSII activity have been isolated, a direct functional association exists in vivo (10) , although a direct interaction between PBsomes and PSI cannot be ruled out. The following questions are being addressed here: (i) how many PSI and PSII centers exist per unit of surface area, (ii) is the distribution of PSI and PSII uniform throughout the membrane, (iii) are the photosystems present as monomers or as clusters, and (iv) if they are clustered, does the cluster size change under different growth conditions?
By conventional immunocytochemical methods, the subcellular distribution of proteins in plants is well established, including specific localization of a number of chloroplast components in land plants and algae (1, 11, 12) . We have shown that this approach can be used to provide a quantitative measure of the relative amounts of PSI and PSII in Porphyridium cruentum (13, 14) . However, since antigenic sites are accessible only on exposed surfaces of embedded sections, the absolute number of particular components is greatly underestimated, and spatial distances between individual complexes are difficult to ascertain.
To ascertain the spatial relationships of PSI and PSII requires intact membranes and a means of identifying the photosystems. By freeze-fracture, 10-nm particles exposed on the exoplasmic fracture face are regarded as representing PSII centers. The isolation of PSII particles and their visualization in lipid vesicles support this attribution (15) . Also, there is good evidence that some 10-to 13-nm particles on the protoplasmic fracture face represent PSI (2), but one cannot identify individual particles as photosystems. Since PSI and PSII particles are not identifiable in the same fracture-face, meaningful spatial correlations are difficult if not impossible at present. By using Au-conjugated antibodies, Hinshaw and Miller (16) labeled a PSII antenna complex in occluded surfaces in frozen membranes. Potential movement of proteins is unlikely, but a major limitation is the small size of exposed membrane surfaces available, thus making quantitative assessments difficult.
We devised an approach for in situ labeling of PSI and PSII in thylakoid membranes ofthe red alga P. cruentum. The PSI was localized with an antiserum specific for two chlorophyllbinding proteins (presumed gene products ofpsaA and psaB) (13) . For PSII, an antiserum to a proximal core antenna polypeptide (CP47), the presumed gene product ofpsbB, was used (13) tTo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. grown under two different light regimes which result in very different and well-defined stoichiometries of PSI and PSII (17) . Membrane isolation involved mild cell breakage and handling at a temperature (40C) that is assumed to be below the lipid-phase transition point of the membranes, since the cell-growth temperature was -18'C. In this paper and in a preliminary account (18) (17) , whereas the PSI/PSII stoichiometry was not modified by light intensity (19) .
PBsomes largely cover the surface of thylakoid membranes ( Fig. 1 A and B ) isolated in a medium that preserves both the capacity for excitation energy transfer from PBsomes to the photosystems and the ability to evolve oxygen at rates comparable to whole cells (20 If the photosystems are distributed throughout the thylakoid membrane, then the number ofPSI and PSII centers per unit area can be calculated (Table 2 ) from the number of PSI (P700) and PSII (QA) per PBsome estimated from spectral determinations (17) . In thylakoids of GL cells, we predict a density of -2520 PSI and =630 PSII per jum2, with -1580 PSI and -1890 PSII per ,&m2 in RL cells. The combined photosystem density (PSI and PSII) per ,Am2 is comparable to estimates in green plants (2) . The size of PBsomes is much larger than the sizes of PSI and PSII cores. Monomer sizes reported for PSI and PSII cores range from 65 to 100 nm2 (2, (Fig. 1 C-F) . Maximal labeling of the photosystems required the removal of PBsomes and other In accord with the calculated differences of photosystem density (Table 2) , we expected that thylakoids of GL cells would have the greatest degree of labeling with anti-PSI. Indeed, visual inspection reveals a greater density of 10-nm Au particles (PSI) in GL (Fig. 1C) than in RL thylakoids (Fig.  1D) . Similarly, in RL membranes the density of 15-nm Au particles (PSII) (Fig. 1F) is noticeably higher than in GL membranes (Fig. 1E) , consonant with the calculated difference in PSII density. The gold particles appear to be uniformly distributed in that there are no obvious large areas of membrane devoid of either PSI or PSII labels.
In Table 3 , results of direct and indirect labeling are compared. Although overall Au counts were lower with the indirect method, it is notable that with both methods the counts are higher for PSI in GL and PSII in RL cells and thus are consistent with the differences in the calculated densities of the respective photosystems. The overall lower labeling obtained by the indirect method is attributable to the additional treatments required.
DISCUSSION
The in situ labeling approach described in this paper has allowed us to demonstrate that both PSI and PSII in P.
cruentum are relatively uniformly distributed throughout the thylakoid membrane (Fig. 1 C-F) , in contrast to the segregation of the photosystems that occurs in green plants. In evaluating the number of photosystems labeled (Table 4) , we found by the direct labeling method that 25% of the PSI of Since the Au-anti-PSI complex has a combined diameter of 15 nm (10-nm Au plus a measured IgG "'shell" width of 5 nm), while the Au-anti-PSII has a combined diameter of 20 nm, labeling of PSI and PSII will be impaired by steric hindrance if the distance (center to center) between epitopes is <15 nm and <20 nm, respectively.
Photosystems within the membranes probably occur in small clusters according to evidence from isolated PSI preparations (22) (23) (24) (25) (26) (27) and the observed clustering of putative PSII 10-nm freeze-fracture particles (9, 15) . A trimeric organization is common in isolated cyanobacterial PSI preparations whether examined by negative staining or by crystallography (22, 24, 26) , and Hladik and Sofrova (27) argue convincingly for a trimeric in vivo state. Occurrence of PSII as dimers is evidenced by observations of paired 10-nm exoplasmic fracture face freeze-fracture particles in native and artificial membranes (2, 15) . Furthermore, the existence of even larger PSII clusters is probable, since in Porphyridium four or five PSII centers may be functionally associated with one PBsome (7) .
Exploratory experiments to assess spatial hindrance have been carried out. In one set of experiments, thylakoids were simultaneously labeled with anti-PSI and anti-PSII. In such experiments (data not shown), we found that the total Au density (10-and 15-nm Au) was lower than when thylakoids were labeled separately. In another set of experiments, we conjugated 5- II) it is plausible to assume that some PBsomes are not connected with PSII and may instead be connected to PSI.
The immunolabeling technique described here now makes it possible to begin assessing thylakoid topography at a resolution in the nanometer range. Further enhancement of resolution, to -5 nm, should be feasible by reducing the size of the Au-antibody complex. Such resolution can provide a bridge between the detailed structures of individual photosystems derived by crystallography and the gross membrane structural information obtained from electron microscopy of sectioned membranes. This technique also has potential for quantitative assessment of many intrinsic proteins in membranes generally.
